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Abstract Objective: To assess the association of age at pediatric-onset spinal cord injury (SCI)
and years of manual wheelchair use with shoulder dynamics.
Design: Upper extremity kinematics and hand-rim kinetics were obtained during manual wheelchair propulsion. An inverse dynamics model computed three-dimensional acromioclavicular,
sternoclavicular, and glenohumeral joint dynamics. Linear mixed effects models evaluated the
association of age at injury onset and years of wheelchair use with shoulder dynamics.
Setting: Motion laboratory within a children’s hospital.
Participants: Seventeen manual wheelchair users (N=17; 6 female, 11 male; mean age:
17.2 years, mean age at SCI onset: 11.5 years) with pediatric-onset SCI (levels: C4-T11) and
International Standards for Neurological Classiﬁcation of SCI grades: A (11), B (3), C (2), and N/A
(2).
Interventions: Not applicable.
Main Outcome Measures: Acromioclavicular, sternoclavicular, and glenohumeral angles and
ranges of motion, and glenohumeral forces and moments.

List of abbreviations: CI, conﬁdence interval; CR2, conditional R-squared; MR2, marginal R-squared; MWU, manual wheelchair user; SCI, spinal
cord injury
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Results: We observed a decrease in maximum acromioclavicular upward rotation (ß [95% conﬁdence interval {CI}]=3.02 [0.15,5.89], P=.039) and an increase in acromioclavicular downward/
upward rotation range of motion (ß [95% CI]=0.44 [0.08,0.80], P=.016) with increasing age at SCI
onset. We found interactions between age at onset and years of use for maximum glenohumeral
abduction (ß [95% CI]=0.16 [0.03,0.29], P=.017), acromioclavicular downward/upward rotation
range of motion (ß [95% CI]=-0.05 [-0.09,-0.01], P=.008), minimum acromioclavicular upward
rotation (ß [95% CI]=-0.34 [-0.64,-0.04], P=.026). A decrease in glenohumeral internal rotation
moment (ß [95% CI]=-0.09 [-0.17,-0.009], P=.029) with increasing years of use was found.
Conclusions: Age at injury and the years of wheelchair use are associated with shoulder complex
biomechanics during wheelchair propulsion. These results are noteworthy, as both age at SCI
onset and years of wheelchair use are considered important factors in the incidence of shoulder
pain. These results suggest that investigations of biomechanical changes over the lifespan are
critical.
Published by Elsevier Inc. on behalf of American Congress of Rehabilitation Medicine. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/bync-nd/4.0/).

The manual wheelchair is among the most widely used assistive mobility devices worldwide.1,2 Shoulder pain and
pathology are ubiquitous consequences of use. Approximately three-quarters of manual wheelchair users (MWUs)
with spinal cord injury (SCI) experience shoulder pain,3 and
up to 100% will experience shoulder pathologies such as
rotator cuff tendinopathy.4 Shoulder pain or pathology can
have a profound effect on MWU quality of life and longterm health.5-7 Additionally, limited physical activity due
to pain or pathology can lead to secondary medical conditions such as obesity or cardiovascular disease.8 Users with
pediatric-onset SCI may live with these secondary medical
conditions longer than those with adult-onset SCI. To better
serve both populations, it is important to identify factors
contributing to shoulder pain and pathology in MWU with
pediatric-onset SCI.
The incidence of shoulder pain increases signiﬁcantly as
MWU with pediatric-onset SCI advance from childhood,
where shoulder pain affects 7%-26% of users,9,10 to adulthood when 49%-53% of users experience shoulder pain.6,9
What occurs during the transition to adulthood to precipitate shoulder pain is unknown. It is reasonable to associate
pain as a natural byproduct of the repetitive nature of manual wheelchair use.11 The average user performs 3500
strokes daily,12 which frequently results in overuse and
repetitive strain injuries of the shoulder. However, wheelchair athletes perform a greater volume of upper extremity
activities in addition to the normal demand of manual
wheelchair use without any increase in the likelihood of
shoulder pain or pathology when compared with non-athletes.13-15 Moreover, adult MWU with pediatric-onset SCI suffer from shoulder pain less frequently than those with adultonset SCI, despite greater duration of wheelchair use.3,6,16
While the etiology of shoulder pain experienced during the
transition to adulthood remains unknown, factors other than
overuse use must be considered.
Shoulder complex joint dynamics during manual wheelchair propulsion can provide valuable insight into the origins
of shoulder pain.17 Subacromial impingement, a principal
factor in rotator cuff pathologies, occurs when the subacromial space is reduced to less than the thickness of the rotator cuff tendons.18 Several scapular (increasing protraction/
decreasing retraction, and anterior tilt/decreasing posterior

tilt) and humeral motions (increasing internal rotation/
decreasing external rotation) have been implicated in subacromial impingement in healthy adults. In MWUs, increasing
glenohumeral superior force during propulsion is linked to
increasing prevalence of shoulder pathology.17 Large superior forces may precipitate pathology by superiorly translating the humeral head within the glenoid, reducing the
subacromial space.19-21 Moreover, a longitudinal evaluation
of MWU found that the development of shoulder pain was
associated with decreasing glenohumeral ﬂexion/extension
range of motion and elevation and scapular downward rotation.22 However, it is unknown if or how shoulder dynamics
change as MWU with pediatric-onset SCI age. An evaluation
of the effects of age at SCI onset and years of wheelchair
use on shoulder complex joint dynamics could provide powerful insight into the mechanisms underlying shoulder pain
in MWU with pediatric-onset SCI.
Therefore, the purpose of this study was to assess the
association of age at pediatric-onset SCI and years of manual
wheelchair use with shoulder complex motions, forces, and
moments. The risk of shoulder pain increases with increasing
years of wheelchair use and increasing age at SCI onset and
is linked with decreasing scapular downward rotation,
increasing scapular internal rotation and anterior tilt,
decreasing glenohumeral elevation, and increasing glenohumeral superior force. As such, we tested the primary
hypothesis that users would propel their wheelchairs with
increasing scapular downward rotation, decreasing scapular
internal rotation and anterior tilt, decreasing glenohumeral
elevation, and increasing glenohumeral superior force with
increasing age at SCI onset and years of wheelchair use.

Methods
Participants
An a priori sample via size via power analysis was not conducted because of the exploratory nature of the study. Our
convenience sample of 17 participants represented the number of individuals that could be feasibly recruited from our
region. Seventeen MWU with pediatric-onset SCI were
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Table 1 Mean (95% CI) participant demographics, injury
characteristics, and anthropometrics
N

17

Sex (F/M)
Age (y)
Age range (y)
Height (cm)
Weight (kg)
Post-injury (y)
Age at onset (y)
SCI Level
ISNCSCI grade
Handedness (L/R)
Hum. length (cm)
Hum. circ. (cm)
Fore. length (cm)
Fore. circ. (cm)
Hand length (cm)
Hand circ. (cm)
VAS pain (0-100)

6/11
17.2 (14.7, 19.8)
10.2-29.6
163.9 (151.6, 179.3)
54.0 (44.9, 63.1)
5.8 (3.3, 8.2)
11.5 (7.9, 15.0)
C4-T11
A (11), B (3), C (2), N/A (2)
4/13
29.9 (28.2, 31.7)
27.9 (26.0, 29.8)
24.6 (23.1, 26.0)
24.9 (22.9, 26.8)
17.4 (16.4, 18.4)
19.1 (18.2, 20.0)
0.47 (0, 0.96)

NOTE. Two participants had never been provided an ISNCSCI
grade.
Abbreviations: F, female; Fore. circ., circumference at midpoint
of forearm; Fore. length, length of forearm; Hand circ., circumference of hand at knuckles; Hum. circ., circumference at midpoint of upper arm; Hum. length, length of upper arm; ISNCSCI
grade, International Standards for Neurological Classiﬁcation of
SCI Grades; L, left; M, male; R, right; VAS, visual analog scale.

included in this cross-sectional study (table 1). Participants
were between the ages of 10 and 30, which was chosen to
capture the peak of musculoskeletal developmental activity
(ages 10-21), the end of musculoskeletal development (age
»24), and several years of adulthood (ages 27-30).23-26 Participants were medically diagnosed with an SCI more than 1
year prior to enrollment and utilized a manual wheelchair as
their primary mode of mobility. Exclusion criteria included
the presence or history of any neuromuscular or orthopedic
conditions of the upper extremity, or treatment to the upper
extremities within the previous 12 months with botulinum
toxin A. The Western Institutional Review Board approved
all included procedures. Written informed assent or consent
was obtained prior to onset of experimental procedures.

Experimental procedures
All procedures were completed in a single experimental session. At the onset of this session, participants self-reported
their current, general pain level using the visual analog
scale, where 100 indicated severe pain and 0 indicated no
pain27 (table 1). Following the reporting of pain, height,
weight, and hand, forearm, and humerus lengths and circumferences were obtained (table 1). Participants were
then outﬁtted for motion analysis with 27 passive, retroreﬂective markers on anatomic landmarks located on the torso
and bilateral upper extremities.28 The dominant side wheel
of their personal wheelchair was replaced with an instrumented so that three-dimensional hand-rim forces and
moments could be obtained (240 Hz) synchronously with the
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three-dimensional marker trajectories collected by a multicamera Vicon motion capture (120 Hz). Participants propelled their wheelchairs along a 15-meter tiled path at a
self-selected speed and propulsion pattern. Each participant
performed 5-10 trials which consisted of multiple propulsion
cycles. Participants performed a range of propulsion trials to
ensure 10 strokes of acceptable quality were acquired. The
exact number of trials varied because of individual differences depending on stroke cycle time and propulsion distance
within the capture volume.

Data analysis and modeling
Motion capture marker trajectories were ﬁltered with a Woltring quintic spline ﬁlter in MATLABc (mean squared error=20
mm2) while hand-rim kinetics were low-pass ﬁltered using a
32-tap ﬁnite impulse response ﬁltera.29 Hand-rim kinetics
were resampled at 120 Hz to match the sampling frequency
of motion capture marker trajectoriesc. Data were analyzed
at the stroke level, with stroke cycles divided into contact
and recovery phases based on the force applied to the hand
rim.30 The initial (starting) and ﬁnal (stopping) stroke cycles
from each trial were discarded to avoid adverse effects of
acceleration on the interpretation of our ﬁndings. Although
strokes with high acceleration may be of interest in future
work because of the demand they place on the upper
extremity, the purpose of the current study was to characterize biomechanics utilized during steady state propulsion.
Three-dimensional shoulder complex joint biomechanics
were computed with a bilateral upper extremity inverse
dynamics model developed for MWU.28 Of interest to the
current study were dominant side kinematics, including 3
degrees-of-freedom acromioclavicular and glenohumeral
joint motion and 2 degrees-of-freedom sternoclavicular
joint motion. Segment coordinate systems adhered to International Society of Biomechanics standards.31 A Z-X-Y Cardan rotation sequence calculated glenohumeral joint angles
of the humerus relative to the scapula, while a Y-X-Z rotation sequence calculated sternoclavicular angles of the clavicle relative to the sternum and acromioclavicular joint
angles of the scapula relative to the clavicle. Segment
parameters such as masses, centers of mass, and inertias
were computed from valid regression equations.32
Maximum and minimum sternoclavicular, acromioclavicular, and glenohumeral joint angles, and maximum and minimum glenohumeral joint forces and moments were
quantiﬁed in each plane of motion for participants’ dominant side. The difference between the maximum and minimum joint angles represented a joint’s range of motion. To
increase the interpretability of data obtained from participants that varied in size, joint forces were normalized to
each participant’s body weight and moments were normalized to the product of bodyweight and height.

Statistical analysis
Statistical analyses were performed in MATLABc. Data from
every stroke performed by each participant were analyzed
using linear mixed effects models to account for correlation
between data within each subjectc. We tested the primary
hypothesis that users would propel their wheelchairs with
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increasing scapular downward rotation, decreasing scapular
internal rotation and anterior tilt, decreasing glenohumeral
elevation, and increasing glenohumeral superior force with
increasing age at SCI onset and years of wheelchair use using
separate linear mixed effects models for each variable. On
an exploratory basis, we evaluated all remaining shoulder
complex joint dynamics metrics (remaining glenohumeral
dynamics, acromioclavicular and sternoclavicular kinematics) using separate linear mixed effects models for each variable. These models included age at SCI onset and years of
manual wheelchair use as ﬁxed factors, while random intercepts controlled for subject level variation. The interaction
between age at SCI onset and years of wheelchair use was
also evaluated. These analyses utilized a signiﬁcance level
of P<.05. Marginal (MR2) and conditional (CR2) R2 values
determined the variance accounted for solely by the ﬁxed
effects of age at SCI onset and years of wheelchair use and
by the combination of ﬁxed effects and subject variation.33

Results
Shoulder complex joint kinematics
The goodness of ﬁt for models describing shoulder complex
joint kinematics was moderate to excellent (mean [95%
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conﬁdence interval {CI}] R2: 0.82 [0.78, 0.87]). No main
effect of years of wheelchair use was observed for maximum
or minimum joint angles (ﬁg 1) or ranges of motion (ﬁg 2)
(all F1,265≤2.11, P≥.14).
There was a main effect of age at SCI onset on maximum
acromioclavicular joint angle in the coronal (downward/
upward rotation) plane (ß [95% CI]=3.02 [0.15, 5.89],
F1,265=4.28, P=.039, MR2=0.22, CR2=0.99) and downward/
upward rotation range of motion (ß [95% CI]=0.44 [0.08,
0.80], F1,265=5.90, P=.016, MR2=0.23, CR2=0.72), indicating a
decrease in maximum upward rotation (shift toward downward rotation) and an increase in downward/upward rotation range of motion with increasing age at SCI onset (ﬁgs 3
and 4).
Finally, interactions between age at SCI onset and years
of wheelchair use were observed in maximum glenohumeral
abduction (ß [95% CI]=0.16 [0.03, 0.29], F1,265=5.78, P=.017,
2
2
MR =0.22, CR =0.22), minimum acromioclavicular upward
rotation (ß [95% CI]=-0.34 [-0.64, -0.04], F1,265=5.05,
P=.026, MR2=0.22, CR2=0.99), and total acromioclavicular
downward/upward rotation range of motion (ß [95% CI]
=-0.05 [-0.09, -0.01], F1,265=7.05, P=.008, MR2=0.23,
2
CR =0.72) (ﬁg 5). These ﬁndings suggest that individuals who
experience an SCI early in childhood experience an increase
in maximum glenohumeral abduction and acromioclavicular
downward/upward rotation range of motion and a decrease
in minimum acromioclavicular upward rotation with

Fig 1 Scatterplots representing the relation between maxima/minima shoulder complex joint angles and years of manual wheelchair use. Maxima/minima joint angles in each direction of each measurement plane are visualized in blue and gold. Participant
means are represented as opaque blue or gold markers, while individual stroke data for each participant are represented as transparent blue or gold markers. Least squares lines of best ﬁt illustrate trends in relation to years of wheelchair use.
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Fig 2 Scatterplots representing the relation between shoulder complex joint range of motion and years of manual wheelchair use.
Participant means are represented as opaque black markers, while individual stroke data for each participant are represented as
transparent black markers. Least squares lines of best ﬁt illustrate trends in relation to years of wheelchair use.

Fig 3 Scatterplots representing the relation between maxima/minima shoulder complex joint angles and age at spinal cord injury
onset. Maxima/minima joint angles in each direction of each measurement plane are visualized in blue and gold. Participant means
are represented as opaque blue or gold markers, while individual stroke data for each participant are represented as transparent
blue or gold markers. Least squares lines of best ﬁt illustrate trends in relation to age at onset. Signiﬁcant ﬁndings are accompanied
by model statistics.
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Fig 4 Scatterplots representing the relation between shoulder complex joint range of motion and years of manual wheelchair use.
Participant means are represented as opaque black markers, while individual stroke data for each participant are represented as
transparent black markers. Least squares lines of best ﬁt illustrate trends in relation to age at onset. Signiﬁcant ﬁndings are accompanied by model statistics.

increasing years of wheelchair. Contrarily, an individual who
experiences an SCI in early adulthood would experience the
opposite, a decrease in maximum glenohumeral abduction
and acromioclavicular coronal plane range of motion and an
increase in acromioclavicular upward rotation with increasing years of wheelchair use.

Glenohumeral joint kinetics
Our statistical models of glenohumeral joint forces and
moments generally described our experimental data moderately well (mean [95% CI] R2: 0.48 [0.42, 0.54]). There was a
main effect of years of wheelchair use on glenohumeral
internal rotation moment (ß [95% CI]=-0.09 [-0.17, -0.009],
F1,265=4.79, P=.029, MR2=0.10, CR2=0.58) (ﬁg 6), indicating a
decrease in internal rotation moment with increasing years
of manual wheelchair use.
No main effects of age at SCI onset (all F1,265≤3.47,
P≥.06) (ﬁg 7), or interactions between years of wheelchair
use and age at SCI onset (all F1,265≤2.83, P≥.09) were
observed for any glenohumeral kinetics.

Discussion
The incidence of shoulder pain increases as pediatric MWU
transition to adulthood. Shoulder complex joint dynamics
during manual wheelchair propulsion provide valuable
insight into the risk of developing shoulder pain or pathologies. As such, we quantiﬁed shoulder complex biomechanics

during manual wheelchair propulsion in MWU with pediatriconset SCI across a range of ages representing the transition
to adulthood. We hypothesized that MWU would increasingly
utilize scapular and humeral kinematics previously associated with subacromial impingement and rotator cuff pathology with increasing age at SCI onset and years of wheelchair
use. Our ﬁndings partially support this hypothesis. We found
that upward rotation of the acromioclavicular joint, and
acromioclavicular coronal plane range of motion were inﬂuenced by age at SCI onset. Moreover, we found that the
younger one was when SCI was experienced, the greater the
increase in maximum glenohumeral abduction and decrease
in the minimum scapular upward rotation (a shift toward
downward rotation) with increasing years of manual wheelchair use. The combination of increasing glenohumeral
abduction and shift toward scapular downward rotation is
widely regarded as contributive to subacromial impingement
and potentially rotator cuff pathology.
We found that shoulder complex motion was largely unaffected by age at SCI onset or years of wheelchair use. The
exceptions to this were the observation that upward rotation of the acromioclavicular joint decreased and acromioclavicular coronal plane range of motion increased with
increasing age at SCI onset. In the current study, MWU that
experienced an SCI early in childhood (prior to age 10) propelled their wheelchair using a mean § SD of 40.2° (23.2)
scapular upward rotation, whereas those who suffered an
SCI after 10 used 27.9° (18.1) of upward rotation. Moreover,
as the age at SCI onset increased, total downward/upward
rotation range of motion signiﬁcantly increased, albeit just
a few degrees. The role of scapular kinematics in
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Fig 5 Signiﬁcant interactions between years of wheelchair
use and age at spinal cord injury onset in (A) glenohumeral
abduction and (B) acromioclavicular upward rotation and total
downward/upward rotation range of motion. Lines represent
predictions derived from linear mixed effects model ﬁts describing how the select kinematics would change with years of
wheelchair use for a representative subject with the minimum
(0.5 years old), median (11.5 years old), and maximum
(22.5 years old) age at onset of our experimental population.

subacromial impingement and rotator cuff pathologies is
well established in healthy adults. During glenohumeral
abduction, individuals with symptoms of subacromial
impingement exhibit decreased maximum scapular upward
rotation when compared with healthy, age-matched controls.34-37 Our ﬁndings suggest that increasing age at SCI
onset may predispose individuals to subacromial
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impingement or rotator cuff pathology via a shift toward
acromioclavicular downward rotation.
Scapular motions previously identiﬁed as contributing to
subacromial impingement in healthy adults may not reﬂect
problematic kinematics during manual wheelchair propulsion. Speciﬁcally, differences in scapular kinematics
between healthy adults with and without symptoms of
impingement were observed at abduction angles above 70°,
whereas our experimental population propelled their wheelchairs using approximately 30° of maximum glenohumeral
abduction. Moreover, it has been shown that increasing age
is linked to decreasing scapular upward rotation, which suggests that our results may simply be a function of the individual’s age.38 As a secondary analysis, we evaluated the
association between participant age and shoulder complex
joint dynamics (supplementary tables S1-S3). However, we
found no effect of age on any shoulder dynamics in our study
population. Our experimental population was between the
ages of 10 and 30, which covers the entire transition to
adulthood, but only accounts for a portion of the entire lifespan. Future work should expand this secondary analysis to
include a wider range of ages. Nevertheless, our ﬁndings
reinforce the need to establish the relation between shoulder complex joint kinematics during manual wheelchair propulsion in childhood and the development of shoulder pain
or pathology later in life.
A novel and innovative aspect of the current study was
our consideration of the interaction between age at SCI
onset and years of wheelchair use on shoulder complex biomechanics. We found that the younger one experienced an
SCI, the greater the increase in glenohumeral abduction and
acromioclavicular downward/upward rotation range of
motion and decrease in acromioclavicular upward rotation
with increasing years of manual wheelchair use. As previously mentioned, the combination of increasing glenohumeral abduction and increasing scapular downward rotation is
considered a potential contributor to subacromial impingement and rotator cuff pathology.34-37 The novel ﬁnding is
that the younger one experienced an SCI, the more likely
they were to use these potentially problematic motions as
they aged. This is in direct contrast to what would be
expected based on shoulder pain ﬁndings in adult MWU. Speciﬁcally, the adult users with pediatric-onset SCI experience
shoulder pain at a lower rate than those with adult-onset
SCI, despite greater years of wheelchair use.3,6,16 This highlights the need to consider additional contributors to shoulder pain and pathology in adult MWU with pediatric-onset
SCI. Particularly, morphologic/anatomic adaptations that
pediatric MWU can experience during musculoskeletal maturation that users with an adult-onset SCI cannot. The pediatric
musculoskeletal
system
undergoes
signiﬁcant
development between the ages of 10 and 21 years old. The
scapula and proximal humerus are home to numerous ossiﬁcation centers where bone growth originates during musculoskeletal development.23-25 The regulation of this growth is
tied closely to the muscular forces exerted on these
bones.39,40 The demands of the shoulder and upper extremity of pediatric users outweigh that of typically developing
children, which presents a rich environment for musculoskeletal adaptions. Future work should consider shoulder
complex morphology alongside shoulder biomechanics when
evaluating contributors to shoulder pain or pathology.
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Fig 6 Scatterplots representing the relation between glenohumeral joint forces and moments and years of manual wheelchair use.
Maxima/minima glenohumeral forces and moments in each direction of each measurement plane are visualized in blue and gold. Participant means are represented as opaque blue or gold markers, while individual stroke data for each participant are represented as
transparent blue or gold markers. Least squares lines of best ﬁt illustrate trends in relation to year of wheelchair use. Signiﬁcant ﬁndings are accompanied by model statistics.

Fig 7 Scatterplots representing the relation between glenohumeral joint forces and moments and age at spinal cord injury onset.
Maxima/minima glenohumeral forces and moments in each direction of each measurement plane are visualized in blue and gold. Participant means are represented as opaque blue or gold markers, while individual stroke data for each participant are represented as
transparent blue or gold markers. Least squares lines of best ﬁt illustrate trends in relation to age at onset.

We found that glenohumeral joint forces and moments
were largely unaffected by age at SCI onset or years of manual wheelchair use. The lone exception was observed in normalized glenohumeral internal rotation moment, which
decreased with increasing years of manual wheelchair use.
During dynamic activity, the deltoids work synergistically
with rotator cuff musculature to stabilize the humeral head
in the glenoid.41-43 Individuals with anterior or

multidirectional glenohumeral instability exhibit deﬁcits in
internal rotation contributions to shoulder function as measured by the ratio of internal to external rotator strength.44
An assessment of MWUs with and without impingement syndrome showed that those with impingement exhibited lower
internal and external rotation strength.45 Propelling one’s
wheelchair with a lower internal rotation moment may contribute to reduced internal rotation strength or reduced

Wheelchair dynamics transition to adulthood
internal rotation strength may simply manifest as a decreasing internal rotation moment. Individuals who use a lower
internal rotation moment during several thousand manual
wheelchair strokes cycles daily12 may create an imbalance
in posterior (infraspinatus and teres minor) to anterior (subscapularis) rotator cuff muscle volume which may contribute
to glenohumeral instability and osteoarthritis.46-48 Yet, this
has never been considered in MWUs. Future work that evaluates the relation between shoulder biomechanics and shoulder muscle morphology would provide valuable insight.
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